Technique
Since the first selective celiac and superior mesenteric angiograms performed by arteriotomy of the carotid or brachial arteries in 1951, 2 angiographic technique has been perfected to almost a fine art. Today, pancreatic angiography is usually performed by a percutaneous femoral approach utilizing the Seldinger technique, first performed in 1953. 3 If the femoral arteries cannot be utilized secondary to severe atherosclerotic disease, axillary catheterization is a good alternative. 4 ' 5 Usually celiac and superior mesenteric angiography should be performed either as a combined injection using two catheters from each femoral artery or by sequential injections using one catheter only. Sequential injections help separate many of the pancreatic vessels from overlying celiac and mesenteric artery branches on the combined injections. Combined injections can aid in gross pancreatic diagnoses, in showing the vascular anatomy, and possibly demonstrating liver metastases. At present double catheter techniques are not widely used. 6 ' 7 Selective superior mesenteric angiography usually is performed with 40-to 60-ml Renografin 76 delivered with a pressure injector at a rate of 7 to 12 ml/sec for 7 seconds. Serial filming is necessary at one to two exposures per second for 7 seconds with a total filming time of 18 to 30 seconds. A satisfactory program consists of 7 ml/sec for 7 seconds with one exposure per second for 7 seconds and then one exposure per 3 seconds for the next 21 seconds. Usually this results in excellent visualization of both arterial and venous systems and can demonstrate prolonged arterial blush, for example, in various pancreatic lesions as well as collateral circulation when vascular occlusions are present. Magnification techniques are rarely used. Film subtraction techniques are not of great benefit but can occasionally demonstrate small areas of tumor blush or neovascularity. Therefore, subtraction techniques are used only in selected patients to enhance a questionable abnormality.
Superselective injection of individual pancreatic arteries is done routinely by many investigators if a lesion is suspected on the initial celiac or mesenteric arteriogram or if there is strong clinical evidence of pancreatic abnormality.
5 ' 8 ' 9 Superselective studies are usually performed by advancing a catheter into the gastroduodenal artery or into a pancreatic branch of the splenic artery. If a standard catheter cannot be advanced, a catheter shaped to conform to the vascular anatomy is used; remotely controlled guide wires and catheters have also been developed. 9 Injections can be made by hand or by large bolus injections delivered with a pressure injector to visualize small capillaries, pancreatic parenchyma, and the venous system. 10 Injections into the gastroduodenal, dorsal pancreatic and splenic arteries have four advantages. 1 (1) The pancreatic arteries are filled with higher concentration solution. (2) Overlying left gastric and jejunal artery branches are not a problem. (3) Injection into the gastroduodenal artery distends the pancreatoduodenal arcade branches. Therefore, fixed, nondistensible irregularities in the lumen are more easily seen. (4) Excellent filling of the splenic and portal veins can be attained for visualization of venous narrowing and occlusion. Subtle changes in the pancreatoduodenal arcades are often the only clue in the diagnosis of tumor.
The pancreatic arteries are usually well demonstrated by injecting the splenic and gastroduodenal arteries. The anastomosing branches of the pancreatic arcades of the dorsal pancreatic artery allow evaluation of the head and body of the pancreas. Injection of the splenic artery will visualize the branches to the distal tail. The splenic vein is also well visualized. Injection of the dorsal pancreatic artery, because of wide anastomoses throughout the pancreas, will demonstrate the branches in the head and body. In superselective catheterization, the injection volume should be kept to a minimum and care should be taken to avoid wedging of the catheter.
Pharmacoangiography has also been adapted for evaluating pancreatic abnormalities. Some pharmaceuticals enhance the visualization of certain vessels in selective and superselective angiography. Two basic categories are vasoconstrictive and vasodilating drugs. 11 Vasoconstrictors consist of epinephrine, norepinephrine, vasopressin, and angiotensin. 12 Small doses of epinephrine (5 to 10 /xg) given intraarterially will constrict the entire splenic bed, but in different degrees. Since pancreatic vessels react the least to epinephrine, shunting occurs from the gastric, hepatic, and splenic beds into the pancreatic vascular bed on the celiac angiogram. Small tumor vessels in pancreatic carcinoma and abnormal vessels in pancreatitis are often displayed to better advantage. This is secondary to the relative increase in pancreatic flow and also because neovascularity charPancreatic angiography 159 acteristically does not react to a vasoconstrictor. [13] [14] [15] Bradykinin is a potent arterial dilator and gives earlier and better filling of veins. Tolazoline (Priscoline) can also enhance the venous phase in dosages of approximately 25 mg. Secretin, trypsin, and histamine have been used to improve the parenchymal phases of the pancreatic angiogram. 16 Tolazoline and prostaglandin E have also been investigated. 17, 18 The complications of percutaneous femoral angiography are few and directly related to the experience and expertise of the angiographer. The number of catheter changes, the total time of the procedure, and the presence of arterial disease are also related factors. 11 The incidence of minor complications is below 3%; major complications occur in less than 0.5% of patients. Complications which can occur are bleeding and femoral arterial thrombosis at the site of catheter introduction, hematoma, arterial venous fistula, and embolization secondary to formation of thrombi at the puncture site. Complications rarely include thrombophlebitis of the lower extremity, dissection of the aorta or its branches, vascular perforation, and parenchymal infarction secondary to wedging of the catheter. A rare complication is permanent paralysis secondary to transverse myelitis. Breakage of catheters and guide wires intravascularly may also occur. Abdominal pain may occur at the time of injection but usually lasts only a few moments.
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Normal vascular anatomy
The arterial supply to the pancreas originates from the celiac and superior mesenteric arteries. The arterial supply varies 20 and selective angiog-raphy is usually necessary for evaluation of the intrapancreatic arteries.
With the aid of superselective gastroduodenal and splenic angiograms, the entire pancreatic circulation can be demonstrated. The celiac artery divides into three major branches ( Fig. 1 ) in approximately 60% of patients: left gastric, splenic, and common hepatic arteries. 1 Occasionally the dorsal pancreatic artery arises from the celiac artery. The dorsal pancreatic artery arises from the proximal aspect of the splenic artery in about 40% of patients. This feeds the dorsal surface of the pancreas and uncinate process. The transverse pancreatic artery arises from the dorsal artery and supplies blood to the tail of the pancreas. The pancreatic magna artery extends from the distal third of the splenic artery and supplies the tail of the pancreas. Many Vol. 44, No. 3 ' small pancreatic arteries also arise from the splenic artery throughout its course. Rich anastomotic branches extend to the anterior or posterior pancreatoduodenal arcade.
The gastroduodenal artery is the first major branch of the hepatic artery and extends inferiorly behind the first portion of the duodenum (Fig. 2) . Its first branch is the posterior superior pancreatoduodenal artery. This artery courses next to the common duct and over the dorsal aspect of the head of the pancreas. It forms a portion of the posterior arcade. The second branch of the gastroduodenal artery is the anterior superior pancreatoduodenal artery. This artery passes along the anterior aspect of the pancreatic head supplying the head and forming the anterior pancreatic arcade.
The common hepatic artery arises from the celiac trunk in approximately 50% of patients. The right hepatic artery has its origin from the superior mesenteric artery in 8% to 14% of persons. 1 The inferior pancreatoduodenal artery arises from the superior mesenteric artery proximally and aids in forming the inferior portion of the anterior and posterior arcades. Normal pancreatic parenchyma has a patchy, lobulated pattern. The intrapancreatic veins have the same distribution as the arteries and drain into the portal, superior mesenteric, and splenic veins.
The anatomy of the venous system varies, but knowledge of the venous system and drainage patterns is important for thorough angiographic investigation. Veins of the gastrointestinal tract drain into the portal system. The superior mesenteric vein and splenic vein join to form the portal vein. The portal vein then enters the liver hilum and usually divides into right and left branches which empty toward the periphery of the liver (Fig. 5) . The portal veins are therefore oriented toward the liver hilum. The portal venous system can have potential collateral anastomoses to the systemic venous system. 1 The veins of Retzius form a retroperitoneal plexus between the colic, splenic, duodenal, and pancreatic veins and the inferior vena cava via the phrenic and azygous veins. Collateral pathways also are present between the gastric and splenic veins, left renal veins, and inferior phrenic veins.
Angiographic evaluation of pancreatic disease
Goldstein et al 21 in 1974 defined the angiographic criteria needed for evaluating the pancreatic disease and providing an accurate diagnosis. The criteria are as follows: (1) arterial encasement as evidenced by irregular or smooth narrowing of a vessel (Fig.  4) ; (2) arterial occlusion; (3) tortuosity or sharp angulations of intrapancreatic arteries without narrowing; (4) beaded arteries suggesting localized dilatations along the course of an artery; (5) displacement indicating enlargement of the pancreas or a portion thereof (Fig. 5) ; (6) increased vascularity, decreased vascularity, neovascularity, or abnormal pancreatic stain; (7) compression, displacement, or occlusion of splenic, portal or superior mesenteric veins; (8) distention of the gallbladder; and (9) signs of hepatic metastases. These criteria are defined in the several specific disease entities.
Pancreatic carcinoma
According to some investigators, angiographic abnormalities can be identified in all symptomatic patients with pancreatic carcinoma. 21 Pancreatic adenocarcinoma is usually a scirrhous infiltrating tumor and is poorly vascularized. The main angiographic finding is encasement of the arteries about the pancreas (Fig. 6 ). Reuter and Redman 1 described two types of arterial encasement depending on the size of the vessel. In a r \ large vessel, for example, the splenic or hepatic artery, the encased vessel will have a saw-tooth margin with a serrated appearance. Small vessels such as an intrapancreatic branch often have abrupt angulations in the course and caliber, termed serpiginous encasement. Smooth encasement of an artery, however, is a nonspecific sign and can be seen in atherosclerotic disease. If smooth encasement is present, other signs of neoplasm must also be present on angiograms for valid diagnosis. Reuter and Redman also state that tumor vessels can be seen in approximately 60% of carcinomas of the pancreas. They believe that the ability to demonstrate these vessels is directly proportional to the quality of the roentPancreatic angiography 163 genographic examination. Superselective angiography is also a great benefit. Another major sign of carcinoma is venous invasion (Fig. 7A and  B) . Carcinomas in the head of the pancreas will often distort or block the superior mesenteric vein or the splenic vein in the region of the tail of the pancreas. Also for better visualization of the superior mesenteric and splenic veins, a large injection of contrast medium is made into the splenic or superior mesenteric arteries. Less reliable signs of carcinoma are arterial displacement, parenchymal blush, and early venous drainage. Neovascularity can occur and some authors believe that small vessel changes are the most common abnormal findings in pancreatic carcinoma. 11 These small vessel changes usually are of deformed abnormal tortuous vessels which vary in caliber. Often they are only seen in the periphery of a tumor and may require superselective techniques and magnification for visualization. The incidence of venous involvement ranges from 40% to 98%. 22 -23 Differential diagnosis of pancreatic carcinoma Differentiation between pancreatitis and carcinoma can be made in up to 85% of cases. 21 Arterial encasement alone or venous abnormality alone are often suggestive of pancreatitis, whereas encasement plus venous abnormalities more often imply carcinoma. Neovascularity is a prominent feature of carcinoma. Arterial tortuosity and angulations without narrowing are more characteristic of pancreatitis. Arterial displacement with vascular or parenchymal enhancement and early venous drainage are all signs of pancreatitis. Hypervascularity and alternating dilatations and stenoses in pancreatic arteries are also characteristic of pancreatitis. Pancreatitis is usually more diffuse than carcinoma.
In an elderly population, atherosclerotic changes can be a problem. Atherosclerotic disease usually consists of smooth, short stenoses of major arteries with complete or partial occlusion. The stenoses usually are within the proximal 1 cm of the major take-off of the artery. The veins are always normal in atherosclerosis. If smooth encasement is present, tumor vessels or venous invasion must also be present before a diagnosis of pancreatic carcinoma can be made. 1 Arterial and venous changes in different regions of the pancreas indicate pancreatitis; localized stenoses and occlusions indicate carcinoma.
The pancreatogram phase of carcinoma usually is decreased in comparison with the increased phase in pancreatitis.
Peripancreatic malignant lymphomas can mimic the clinical features of primary pancreatic disease. 24 Usually, these lymphomas appear as a large hypovascular mass with displacement of pancreatic and peripancreatic arteries and compression of adjacent veins. Smooth arterial encasement can occur. Signs of mass out of proportion to signs of invasion mitigate against the diagnosis of carcinoma. Pancreatography 25 or retrograde pancreatic cholangiography 26 are complementary procedures which can aid in outlining the internal architecture of the pancreatic gland and ductal system. Percutaneous antecubital transvenous cholangiogra- phy 27 and retrograde pancreatic venography 9 may also aid in diagnosis in the future.
Endocrine tumors
Adenomas of the islands of Langerhans fall into several groups. The insulinoma is composed of beta cells and causes hyperinsulinism; the Zollinger-Ellison adenoma is a nonbetacell tumor causing overproduction of gastrin.
1 Another nonbeta-cell tumor can produce severe diarrhea and hypokalemia and an alpha-cell tumor can produce hypergluconism and diabetes. Some islet cell adenomas are nonfunctioning. 28 The overall success rate in finding these adenomas is approximately 60%;" surgical success in removing these tumors blindly is 50%. 29 Most of these tumors have a homogeneous blush and a prolonged capillary stain. Insulinomas are usually found in the body and tail of the pancreas but may be multiple. Usually they are smaller than nonbeta islet cell tumors. Some irregular vessels may occasionally be seen within the tumor. Often, a benign and malignant adenoma cannot be differentiated by angiography.
In small lesions, the main angiographic finding is a well-circumscribed area of increased contrast in the capillary and venous phases. The number of tumor vessels is proportional to the size of the tumor. Because of the subtleness in angiographic findings, superselective techniques may be necessary for assistance in diagnosis. A false-positive study can occur if a localized area of increased vascularity near the junction of the body and tail of the pancreas in normal patients is not recognized. This finding is most likely secondary to prominence of a pancreatic magna or dorsal pancreatic artery. 1 Malignancy should be suspected when tumors are more than 5 cm in diameter (Fig. 8A) . Metastases are usually demonstrated in the liver and are hypervascular.
Nonfunctioning tumors usually do not have endocrine or other specific clinical findings. 28 Mainly, nonfunctioning islet cell tumors are large because of the lack of clinical findings in the early stages of tumor growth.
Clinical diagnoses are usually made after a palpable mass is noted or an adjacent organ is obstructed. All cases of nonfunctioning islet cell tumors show severe hypervascularity with dense capillary stains (Fig. 8B) . A pathologic condition of the vessels can occur with early venous filling. 28 ' 30 Vascular displacement is common.
Insulinomas cause hyperinsulinism with bouts of hypoglycemic shock. They are the most frequent type of islet cell tumors (75%). 31 Only 5% of the tumors do not secrete hormones. Beta-cell tumors show signs of hyperinsulinism with hypoglycemia, migraine, and psychosis, and can mimic conditions found in alcoholism, brain tumors, and hyperthyroidism. Gastrin-producing tumors give rise to hyperacidity with recurrent ulcerations.
Cystadenoma
Cystadenomas usually are lobulated pancreatic tumors, well-encapsulated with many cystic spaces; they grow slowly. On angiography, they are usually highly vascular and large. Multiple fine tumor vessels are seen throughout the lesion on the arterial phase with a prolonged capillary stain. 32, 33 Multiple avascular cystic areas are present within the zones of hypervascularity. Arterial venous shunting and tortuous veins can occur with displacement of adjacent vessels because of the large size of the tumor. With the malignant forms, irregular and truncated vessels are seen. Differentiation between benign and malignant cystadenomas cannot always be made by angiography. Malignancy can be suspected if the lesions are large or if peripancreatic invasion and hepatic metastases occur. 
Pancreatitis
Pancreatitis is an important differential diagnosis in pancreatic carcinoma. The angiographic abnormalities are related to the chronicity of the disease, 34 and the variable findings often depend on the stages of the disease. Acute or mild pancreatitis does not have significant abnormalities by angiography. Patients with hemorrhagic pancreatitis and pancreatic necrosis can have normal angiograms. With acute pancreatitis, there may be minor alterations in the size and shape of the pancreas with mild widening or stretching of the pancreatic arcades. Associated hypervascularity may be present. As the disease progresses, nonspecific, mild arterial irregularities of the intrapancreatic branches can be seen. Hypervascularity is again prominent and occasionally arterial venous shunting occurs. With chronic pancreatitis, the arteries assume a beaded appearance. Smooth narrowing of the splenic artery often occurs. The course of the arteries remains unchanged. Abrupt angulations and distortions of the arteries also may be present. In the capillary phases, the pancreatic parenchyma is nonhomogeneous. The splenic and mesenteric veins can be involved with either irregular lumens or occlusion. Aneurysms of the intrapancreatic vessels may occur.
Pancreatic pseudocysts are secondary to chronic pancreatitis or previous trauma. The main angiographic finding is arterial stretching or displacement with sharp pancreatic parenchymal margins (Fig. 9) . Very large cysts occlude the splenic vein and even erode into arteries causing hemorrhage into the cyst. Smaller pseudocysts resemble intra- pancreatic aneurysms. Usually, pancreatic pseudocysts are easily diagnosed by angiography, although occasionally a large cystadenoma mimics a pseudocyst. Trauma Trauma is very rare with a frequency of 0.5% to 5.4%. 35 Pancreatic injury is frequently associated with multiple, severe organ injuries and laparotomy is usually performed without angiography. Complications that may occur from trauma are complete transection, traumatic pseudocyst, hematoma, and pancreatitis. Angiographic findings may include arterial occlusion secondary to vascular laceration, displacement of adjacent arteries by hematoma and edema, and portal vein obstruction. But even in complete pancreatic tranVol. 44, No. 3 ' section, angiographic findings are subtle. 38 Therefore, the role of pancreatic angiography in trauma has been minor.
Pancreatic vascular disease
Congenital abnormalities of the pancreas are rare. Grannis et al 37 reported a case of arteriovenous fistula of the pancreas and duodenum secondary to an arteriovenous malformation. In this rare lesion, angiography provided accurate delineation of the lesion allowing proper surgical treatment with pancreatoduodenal resection. Usually, arteriovenous malformations are managed by total or partial excision of the organs involved in order to control the vascular malformation and associated intestinal bleeding.
Harris et al 38 have described several cases of aneurysms of the small pancreatic arteries causing upper abdominal pain and intestinal bleeding. A high mortality rate is associated with rupture of these aneurysms which can occur in patients with pancreatitis or pancreatic pseudocysts. Often the preoperative diagnosis can be made by selective arteriography.
Another major factor in the formation of aneurysms is atherosclerotic disease. These aneurysms occur in long-standing celiac artery stenosis or stenosis of the superior mesenteric artery. Possibly, chronicincreased blood flow in the pancreatoduodenal arcade weakens the arterial walls and accounts for the acute or chronic blood loss secondary to vessel dilatation and tortuosity with aneurysm formation. Rarely, aneurysms are found associated with pancreatic carcinoma, retroperitoneal tumor, penetrating duodenal ulcer, surgery and trauma. cinoma, angiography is highly accurate depending upon the experience of the angiographer and the radiologic technique used. Resectability, and the surgical and therapeutic approach to treatment can be determined. Since endocrine tumors are usually vascular, angiography is an ideal method for localizing these lesions, which can be detected in over 50% of patients.
